Rationale: Ineffective repair of a damaged alveolar epithelium has been postulated to cause pulmonary fibrosis. In support of this theory, epithelial cell abnormalities, including hyperplasia, apoptosis, and persistent denudation of the alveolar basement membrane, are found in the lungs of humans with idiopathic pulmonary fibrosis and in animal models of fibrotic lung disease. Furthermore, mutations in genes that affect regenerative capacity or that cause injury/ apoptosis of type II alveolar epithelial cells have been identified in familial forms of pulmonary fibrosis. Although these findings are compelling, there are no studies that demonstrate a direct role for the alveolar epithelium or, more specifically, type II cells in the scarring process. Objectives: To determine if a targeted injury to type II cells would result in pulmonary fibrosis. Methods: A transgenic mouse was generated to express the human diphtheria toxin receptor on type II alveolar epithelial cells. Diphtheria toxin was administered to these animals to specifically target the type II epithelium for injury. Lung fibrosis was assessed by histology and hydroxyproline measurement. Measurements and Main Results: Transgenic mice treated with diphtheria toxin developed an approximately twofold increase in their lung hydroxyproline content on Days 21 and 28 after diphtheria toxin treatment. The fibrosis developed in conjunction with type II cell injury. Histological evaluation revealed diffuse collagen deposition with patchy areas of more confluent scarring and associated alveolar contraction. Conclusions: The development of lung fibrosis in the setting of type II cell injury in our model provides evidence for a causal link between the epithelial defects seen in idiopathic pulmonary fibrosis and the corresponding areas of scarring.
Idiopathic pulmonary fibrosis (IPF) is a progressive scarring disorder of the lung for which there are no established therapies. A better understanding of the pathogenesis of IPF is critical for the identification of new therapeutic targets. The epithelialmesenchymal hypothesis of IPF suggests that this disease is the result of successive injuries to the alveolar capillary membrane with ineffective reconstitution of a normal epithelium (1, 2) .
Support for this hypothesis comes in part from the histologic evaluation of biopsies taken from patients with IPF. In fibrotic foci, the proposed areas of active scarring, there are prominent defects in the alveolar epithelium including hyperplasia and denudation (3) (4) (5) . The importance of epithelial cell injury and apoptosis in the pathogenesis of pulmonary fibrosis is also supported by several different animal models that consistently demonstrate these defects (6) (7) (8) (9) .
At the core of the epithelial-mesenchymal hypothesis of pulmonary fibrosis is the contention that type II alveolar epithelial cells fail to repair the damaged epithelium as a result of ineffectual proliferation, migration, and/or differentiation, and this leads to interstitial scarring (1) . The persistent denudation of the epithelium in IPF lesions suggests that residual type II cells are unsuccessful in their reparative efforts. This ineffectual reconstitution of the epithelium is postulated to drive fibrosis by inducing the proliferation and differentiation of fibroblasts and the deposition of collagen. In vitro evidence demonstrates that fibroblast differentiation and collagen production is enhanced in epithelial cell/ fibroblast cocultures by injury to the epithelial cell component (10) .
The importance of the alveolar epithelium in the pathogenesis of lung fibrosis is further implicated by the observation that epithelial cell growth factors protect against scarring in animal models (11) (12) (13) . There is evidence linking a familial form of IPF with a mutation in the surfactant protein C gene. The defective product that results from this mutation was found to be toxic to the type II alveolar epithelial cells that express the mutated gene, and the correlation of this defect with fibrosis specifically implicates this specific constituent of the epithelium in the pathogenesis of lung fibrosis (14) .
Although many studies have suggested a link between an injury to alveolar epithelial cells and the development of pulmonary fibrosis, there are no studies that directly test whether they are mechanistically related. We hypothesized that a targeted injury of AT A GLANCE COMMENTARY Scientific Knowledge on the Subject Alveolar epithelial cell abnormalities are a common feature of pulmonary fibrosis. A mutation in a type II alveolar epithelial gene product that causes cell toxicity is associated with familial lung scarring.
What This Study Adds to the Field
We have established a causal relationship between type II alveolar epithelial cell injury and interstitial collagen accumulation.
type II cells would be sufficient to cause pulmonary fibrosis. To test this hypothesis, we used the transgenic model of diphtheria toxin-mediated tissue-specific injury. With this approach, exogenously administered diphtheria toxin (DT) binds to and damages cells expressing the human precursor of heparin binding-EGF-like growth factor (proHB-EGF), also known as the diphtheria toxin receptor (DTR) (15, 16) . The toxin cannot adhere to rodent proHB-EGF because of differences in the amino acid sequence at the DT binding site (16) . Mice are therefore resistant to the cytotoxic effects of DT. To target type II alveolar epithelial cells with this model, we generated transgenic mice that express DTR off of the type II cell-specific surfactant protein C (SPC) promoter. Using this strategy, we found that administration of DT to these transgenic animals caused significant pulmonary fibrosis as assessed by hydroxyproline and histology. This new model offers an additional approach to studying the pathogenesis of disorders that result in alveolar scarring. Portions of these results have been presented previously in abstract form.
METHODS

Generation of Transgenic Mice
To target type II alveolar epithelial cells for injury by DT, an expression cassette containing the murine SPC promoter and the DTR gene (SPC-DTR) was generated by cloning the DTR cDNA (a gift from Dr. Kenji Kohno) into the pEGFP-N1 vector (Clontech) using the EcoRI restriction site in the multicloning sequence. The murine SPC promoter (a gift from Dr. Stephan Glasser) was inserted into the vector using NheI and XhoI restriction sites. The expression cassette was then cleaved from the plasmid backbone and microinjected into C57BL/6 mouse eggs, which were implanted into pseudo-pregnant mothers. Resultant mice possessing the transgenic construct (founders) were bred with 6-to 8-week-old C57Bl/6 partners. This cross resulted in litters consisting of heterozygous transgenic and wild-type (WT) pups, and the offspring from these pairings were used in subsequent experiments. All mice were given water and food ad libitum. All protocols were approved by the University Committee on Use and Care of Animals.
Assessment of Mouse Genotypes
To determine the genotypes of offspring from SPC-DTR and C57BL/6 crossings, we purified DNA from mouse tail biopsies. To assess for the presence of the SPC-DTR construct, we performed a PCR reaction with the following primers: upper primer, 59-TCGTGGGG-CTTCTCATGT TTAGGT-39; lower primer, 59-CGGCGCGGGTCTTGTAGTTGC-39 (product size, 579 bp). We assessed the integrity of the purified DNA by simultaneously running a PCR reaction with primers specific for the b-globin gene (upper primer, 59-CCAATCTGCTCACACAGGATA GAGAGGGCAGG-39; lower primer, 59-CCTTGAGGC-TGTCCAA GTGATTCAGGC CATCG-39; product size, 494 bp). The PCR conditions were the same for each primer pair: 948C for 8 minutes, then 948C for 1 minute followed by annealing at 678C for 2 minutes followed by elongation at 728C for 2 minutes. The latter three steps were repeated for 30 cycles. The reaction was completed at 728C for 10 minutes.
In Vitro Confirmation of the Integrity of the SPC-DTR Expression Cassette MLE-12 cells, a cell line derived from murine alveolar epithelial cells that express SPC, were plated at a density of 5 3 10 3 cells per well in a 96-well plate and grown to 80% confluency in Hites media 1 10% fetal bovine serum. Following the manufacturer's guidelines, we used the Fugene reagent (Roche Molecular Biochemicals, Indianapolis, IN) to transfect the cells with the SPC-DTR expression cassette-containing pEGFP-N1 vector. Control cells received equivalent volumes of Fugene reagent alone or phosphate buffered saline (PBS). The cells under the different conditions were incubated for 24 hours, after which their media was changed to Hites 1 2% fetal bovine serum (100 ml) with or without DT (0.1 mg/ml). After another 24 hours, the mitochondrial activity of the cultures was assessed with an 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Promega, Madison, WI) following the manufacturer's instructions.
RT-PCR for DTR
Total RNA was purified from 100-mg pieces of lung, heart, kidney, spleen, and liver using the Absolutely RNA Miniprep Kit (Stratagene, La Jolla, CA) following the manufacturer's instructions. The purified RNA (500 ng/50 ml reaction) was then subjected to RT-PCR with primers specific for the DTR message (see above for sequence). The RT-PCR reaction conditions were as follows: 488C for 45 minutes for one cycle followed by 948C for 1 minute, 678C for 2 minutes, and 728C for 2 minutes, repeated for 30 cycles. The resultant product was analyzed by electrophoresis on a 1.5% agarose gel.
Type II Alveolar Epithelial Cell Isolation
Type II epithelial cells were isolated from WT and SPC-DTR transgenic mice using a previously described protocol (17, 18) . Briefly, after proteolytic digestion of lung tissue, the single-cell suspensions of lung tissue were depleted of macrophages using biotinylated anti-CD32 and anti-CD45 antibodies followed by streptavidin-coated magnetic particles and negative selection in a magnetic separator. The negative cells were plated overnight in 100-mm culture plates. The type II alveolar epithelial cells comprised the nonadherent population and were recovered for culture and mRNA extraction.
Diphtheria Toxin Administration
Six-to 8-week-old SPC-DTR transgenic and WT mice were intraperitoneally injected with DT once daily for up to 14 days (Sigma Chemical, St. Louis, MO) at doses of 10.0 and 12.5 mg/kg in 100 ml of PBS. Control transgenic and WT mice were injected for the same duration with 100 ml of PBS alone. Mice were killed after the last DT injection or maintained for an additional 7 or 14 days. At the time of death, the right lung was removed for analysis of hydroxyproline content or RNA isolation, and the left lung was inflation-fixed at 25 cm H 2 O and processed for histology.
Hydroxyproline Assay
Hydroxyproline content of the lung was measured as previously described with modifications (19) . Briefly, at the time of death, lungs were excised from the experimental animals and homogenized in 0.5 ml of PBS. We added 0.5 ml of 12 N HCl to the homogenate and hydrolyzed the samples at 1208C for 24 hours. Thereafter, 5 ml of each sample was combined with 5 ml citrate/acetate buffer (238 mM citric acid, 1.2% glacial acetic acid, 532 mM sodium acetate, 85 mM sodium hydroxide) in a 96-well plate. We added 100 ml of chloramine T solution (0.282 g chloramine T to 16 ml of citrate/acetate buffer, 2.0 ml of n-propanol, and 2.0 ml ddH 2 O) and incubated the samples for 30 minutes at room temperature. Next, 100 ml of Ehrlich's reagent (2.5 g p-dimethylaminobenzaldehyde added to 9.3 ml of n-propanol and 3.9 ml of 70% perchloric acid) was added, and the samples were incubated at 658C for 30 minutes. The absorbance of each sample was then measured at 550 nm. Standard curves for the experiment were generated using known concentrations of reagent hydroxyproline (Sigma Chemical Co.).
Lung Histology
DTR transgenic and WT mice were treated with 100 ml of intraperitoneal DT (10 mg/kg) or an equal volume of PBS daily for 14 days. On Days 21 and 28, the left lung was inflation-fixed at 25 cm H 2 O pressure with 10% neutral-buffered formalin, removed en bloc, fixed in 10% neutralbuffered formalin overnight, and paraffin embedded. Eight-micron sections were stained using Masson's trichrome and picrosirius red methods.
Real-Time PCR of Total Lung RNA for DTR, SPC, and Glyceraldehyde-3-phosphate Dehydrogenase Total RNA was purified from 30 mg of lung tissue on Days 3, 7, and 14 after the initiation of DT treatment using the Absolutely RNA RT-PCR kit per the manufacturer's directions (Stratagene, La Jolla, CA). The total RNA was reverse transcribed to cDNA, and specific PCR products were generated using Brilliant SYBR Green RT-PCR master mix kit, 1 step (Stratagene), as per the manufacturer's instructions. cDNA conversion, amplification, and data analysis were performed using the Mx3000P real-time PCR system computerized cycler (Stratagene) as previously described (20) . We used the following primers that were selected using software available at http://labtools.strategene.com and were synthesized and HPLC purified (Invitrogen Life Technologies): DTR (upper primer: 59-GGAATCGGCTGG-GGACTGCTACCTCTGA-39; lower primer: 59-AGTTCAGCGTGTC-CGGCGAGGGCGAGG-39; product size 239 bp), SPC (upper primer: CATCGTTGTGTATGACTACCA; lower primer: CCTGAAGTTCTGGAGTTTTCT; product size 130 bp), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (upper primer: TATGTCGTGGAGTCTACTGGT; lower primer: GAGTTGTC ATATTTCTCGTGG; product size 149 bp). Primers were used at 75 nM each in 25-ml reactions. Cycle parameters were as follows: 40 minutes at 558C (reverse transcription step); 10 minutes at 958C (denaturation step); and 40 cycles composed of 30 seconds at 958C, 1 minute at 588C, and 30 seconds at 728C. Control wells containing no template were used to exclude the presence of contaminating DNA and to identify potential primer-dimer products from the dissociation curve analysis. The total RNA from each sample lung was analyzed for SPC and GAPDH mRNA in separate triplicate wells. The fluorescence values of the threshold cycles were collected at the end of the annealing step from each reaction. The threshold cycle values from GAPDH amplification were used to normalize specific mRNA quantification. Data are expressed as the relative change in specific mRNA expression in the DT-treated WT and transgenic animals compared with a pooled sample from PBS-treated transgenic mice, used as a calibrator. To correct for possible volume differences, transparency of the caps, or other well-to-well differences, the passive reference dye 5(6)-carboxy-X-Rhodmine-C5-maleimide was used in all reactions.
RT-PCR of Total RNA from Isolated Type II Alveolar Epithelial Cells
To assess for specific expression of the transgene, type II alveolar epithelial cells (AECs) were isolated from WT and transgenic mice as described above. Purified RNA (50 ng/50 ml reaction) from these cells was reverse transcribed and amplified with primers specific for DTR, SPC, and GAPDH as described above. The RT-PCR reaction conditions were as follows: 488C for 45 minutes for one cycle followed by 948C for 1 minute, 678C for 2 minutes, and 728C for 2 minutes repeated for 30 cycles. The resultant products were analyzed by electrophoresis on a 2.2% FlashGel DNA cassette (Lonza, Rockland, ME) using the FlashGel system (Lonza).
In Vitro DT Treatment of Isolated Type II AECs
Isolated type II AECs from WT and DTR transgenic mice were plated on fibronectin-coated 96-well plates at a density of 200,000 cells/well. The cultures were then maintained in DMEM with 0.1% fetal calf serum to maintain SPC expression. After 48 hours in culture, a time point when the cells were still expressing SPC, a subset of wells were exposed to DT at a dose of 1.0 mg/ml. Control wells received an equal volume of PBS. Twenty-four hours after DT exposure, the mitochondrial activity of the cultures was assessed with an MTT assay as described above.
Type II AEC Quantification
Immunohistochemistry was used to identify type II AECs within lung tissue sections. WT and SPC-DTR mice were treated with DT (10 mg/kg) or PBS (100 ml) for 1, 3, or 7 days (n 5 3-4 at each time point). One hour before the animals were killed, bromodeoxyuridine (BrdU) was injected intraperitoneally. The left lung was then inflation-fixed at 25 cm H 2 O pressure with 10% neutral-buffered formalin, removed en bloc, fixed in 10% neutral-buffered formalin overnight, and paraffin embedded. Eight-micron sections were deparaffinized in xylene and rehydrated in graded ethanol washes. The sections then underwent antigen retrieval by boiling for 20 minutes in citrate buffer (pH 6.0). For the purpose of BrdU staining, the specimens were treated with 2N HCl followed by 0.1 M borax buffer. The sections were then blocked with 5% donkey serum and stained with primary antibodies to BrdU (1:200) and SPC (1:2,000). An alkaline phosphatase-labeled anti-mouse secondary antibody was applied at a concentration of 1:250 for BrdU staining. At the same time, a biotin-labeled donkey anti-rabbit secondary antibody was applied for SPC staining. The Vector Laboratories alkaline phosphatase kit was used to produce a red color in BrdU-positive cells, and a Vector Laboratories DAB peroxidase substrate kit was used to generate a brown color in SPC-positive cells.
Statistical Analysis
The data are presented as means 6 SEM. Statistics were performed using GraphPad Prism software. Mean values from the different groups were compared using one way ANOVA with post hoc pairwise comparisons using the Bonferroni correction. Survival difference between groups was analyzed using Kaplan-Meier curves and the log rank test.
RESULTS
Transfection of MLE-12 Cells with SPC-DTR
To assess the functionality of the SPC-DTR expression cassette before generating transgenic mice, we transfected MLE-12 cells with the pEGFP-N1 vector containing this gene construct. Two different ratios of transfection reagent and plasmid were used to optimize the efficiency of transgene expression. MLE-12 cells were chosen based on their murine origin (suggesting that they should be inherently resistant to DT) and their capacity to express SPC. Separate groups of control cells were left untreated or received the transfection reagent alone. All groups were then exposed to saline or DT (0.1 mg/ml) for 24 hours. Thereafter, the cells were analyzed for viability using an MTT assay. We found that only cells transfected with the SPC-DTR expression cassette had a statistically significant DT-induced decrease in MTT activity ( Figure 1 ). Control groups exposed to transfection reagent alone or left untreated displayed no change in viability with exposure to DT as compared with PBS.
In Vivo Expression of DTR mRNA
After confirming the fidelity of the SPC-DTR construct in vitro, we generated transgenic mice with the expression cassette on a C57BL/6 background. Four transgenic founders that were PCR positive for SPC-DTR originated from the initial microinjection procedure. Three of these founders successfully passed the transgene along to their offspring in a Mendelian pattern of inheritance resulting in three separate lines. The transgene was maintained in a heterozygous state by breeding SPC-DTR-positive mice with C57BL/6 partners. To confirm that DTR gene expression was lung specific, total RNA was isolated from the lung, heart, liver, kidney, and spleen of transgene-positive mice from two of the three lines. Littermates that were PCR negative for the transgene served as controls. RT-PCR was then performed with primers specific for the DTR message. RT-PCR of template RNA isolated from the lungs of three separate transgenic mice representing two of the three founder lines produced bands of expected size (Figure 2 ). On the other hand, template RNA isolated from other organs of these same mice yielded no bands in the reaction. RT-PCR of template RNA extracted from all organs of nontransgenic littermates (including the lungs) was negative for the DTR message. Based on these results, descendents from these two founder lines were used for subsequent studies.
To assess further for in vivo expression of DTR, we isolated type II alveolar epithelial cells identified by SPC staining from transgenic and WT mice. We then analyzed the DTR expression in these cells by extracting total RNA and performing real-time PCR. With primers specific for the DTR transcript, we identified expression only in the type II cells isolated from transgenic animals ( Figure 3) . The transgenic and WT cells demonstrated equivalent expression of the GAPDH house keeping gene. Both groups expressed equivalent amounts of SPC message.
Diphtheria Dose Explorations
After confirming lung-specific expression of DTR in our transgenic animals, we performed pilot experiments in which a single DT injection or two DT injections separated by 1 week were performed. Using doses of 50 mg/kg per injection, we found no obvious phenotypic change in the transgenic mice when analyzed 3 and 14 days after treatment (data not shown). Thereafter, to maximize our chance of observing an effect of DT in our transgenic mice, we administered daily injections of the toxin for 2 weeks and found consistent abnormalities in the transgenic animals using a range of doses from 10 to 25 mg/kg per injection. Daily doses of 10.0 and 12.5 mg/kg were used for the experiments reported below.
Weight Loss with Diphtheria Toxin Treatment
To assess for a treatment effect of DT dosing, we measured the body weights of transgenic and control animals over 4 weeks. DT and PBS were injected daily for 2 weeks, and the mice were monitored for an additional 2 weeks. Because no difference was seen between WT and transgenic mice receiving PBS, these groups were pooled for presentation. The administration of DT to the transgenic mice resulted in a marked weight loss that was initially detectable after 5 days of treatment (Figure 4 ). The rate of weight loss stabilized after the DT dosing was discontinued, but by 4 weeks, this group had lost on average approximately 1.5 g. DT-exposed WT and the PBS-treated groups gained weight, and on average these mice weighed 4.0 g more than the DT-treated transgenic mice at the end of the study period.
Survival after Diphtheria Toxin Treatment
To assess whether the targeted type II AEC injury would cause mortality, transgenic and WT mice were treated with 10 or 12.5 mg/kg of DT daily for 14 days. A control group of WT mice received intraperitoneal PBS daily for 14 days. The mice were observed daily for an additional week off of therapy; moribund mice were killed promptly. Daily injections of PBS did not cause death. WT mice treated with DT also exhibited no mortality. In contrast, DT exposure at 12.5 mg/kg caused mortality in the transgenic group beginning on Day 18 and approaching 25% by 3 weeks, although this did not reach statistical significance (P 5 0.12). The 10 mg/kg dose of DT resulted in no mortality in the WT or transgenic groups.
Development of Pulmonary Fibrosis after Diphtheria Toxin Treatment
To assess the effect of DT on lung fibrosis, two groups of transgenic and WT mice received 10 mg/kg of DT daily for 14 days. A separate group of control mice comprised of DTRexpressing and WT animals received daily PBS injections for 14 days. On Days 7, 14, 21, and 28, mice in each treatment arm were analyzed for lung collagen content using a hydroxyproline assay. After 7 days of treatment, there was no appreciable accumulation of collagen in the transgenic mice compared with Figure 1 . Functional integrity of the murine surfactant protein C promoter and the diphtheria toxin receptor gene (SPC-DTR) expression cassette. MLE-12 cells were grown to 80% confluency in a 96-well plate in 100 ml of media and treated with transfectant reagent alone, with transfectant reagent 1 the SPC-DTR expression cassette, or with phosphate-buffered saline (PBS) alone for 24 hours. The cells were washed, and subsets from each treatment group were exposed to diphtheria toxin (DT) or an equal volume of PBS for 24 hours. The metabolic activity of the cells was assessed with a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay. Data are reported as the absorbance at 550 nm (mean 6 SEM; n 5 6 for each treatment condition). Each group is compared using a Student's t test. The quantitative increase in lung collagen content was associated with qualitative changes in alveolar histology. The lungs of the DT-exposed (10 mg/kg) transgenic mice contained fibrotic lesions on Day 28, which were comprised of thickened alveolar walls, the accumulation of spindle-shaped cells, and the deposition of bluestaining collagen ( Figure 6A ). In general, the collagen accumulation occurred diffusely as demonstrated by picrosirius red staining ( Figure 6B ). Scattered areas of more confluent regions of fibrosis were occasionally observed. In the DT-treated WT mice, there were no areas of fibrosis, and the lungs were indistinguishable from PBS-injected control mice. A similar pattern of pathologic change was observed in mice treated with 12.5 mg/kg of DT, but the confluent lesions were more severe ( Figure 6C ).
The Effect of Diphtheria Toxin on Type II AEC Function
To assess whether the DT-induced fibrosis occurred in conjunction with type II alveolar epithelial cell dysfunction, we measured the change in expression of type II cell-specific gene products after DT administration . Specifically, we administered the toxin daily to transgenic and nontransgenic mice for 3, 7 and 14 days. These time points were chosen to span the duration of the DT exposure. A separate group of DTR-positive mice was treated with PBS for the same duration and served as a control. After the last dose of DT, total RNA was extracted from the lungs and analyzed for DTR mRNA levels (Day 3) and for SPC mRNA levels (Days 3, 7, and 14) using real-time PCR. DT treatment of the transgenic animals caused a significant reduction in DTR expression relative to the PBS-treated transgenic group ( Figure 7A ) at the early time point. The DT-treated WT group had no transgene expression because these mice did not possess the transgenic construct. There was also a small decrease (10%) in mean SPC expression at Day 3 in the DT-treated transgenic group, but this was not statistically different from the control PBS-treated mice or from the DT-treated nontransgenic group. On Days 7 and 14, Figure 4 . Weight loss associated with diphtheria toxin treatment. Transgenic surfactant protein C diphtheria toxin receptor (SPC-DTR) and wild-type (WT) mice were treated with daily intraperitoneal doses of diphtheria toxin (DT) at 10 mg/kg in 100 ml of phosphate buffered saline (PBS) for 14 days. A control group of mixed transgenic and WT mice (SPC-DTR and WT) received daily intraperitoneal injections of 100 ml PBS for 14 days. The mice were weighed daily during the injections and then for a subsequent 14 days. Data are reported as the change in weight from Day 0 (mean 6 SEM; n 5 6 mice per group). The weight curves were compared by linear regression analysis. The slopes between SPC-DTR/DT and WT/DT significantly differ (P , 0.001), as do the curves between SPC-DTR/DT and SPC-DTR and WT/PBS (P , 0.001). Figure 5 . Lung hydroxyproline content after diphtheria toxin treatment. In two separate experiments, transgenic surfactant protein C diphtheria toxin receptor 1 (SPC-DTR 1 ) and wild-type (WT) mice (SPC-DTR 2 ) were treated with daily intraperitoneal doses of diphtheria toxin 1 (DT 1 ) at 10 mg/kg in 100 ml of phosphate buffered saline for 14 days. A control group of mixed transgenic and WT (SPC-DTR 1/2 ) mice received daily intraperitoneal injections of 100 ml phosphate buffered saline (DT2) for 14 days. In the first experiment, the right lung from each mouse was excised and analyzed for hydroxyproline content on Day 21 (n 5 6-8 per group). In the second experiment, the right lung from each mouse was excised and analyzed for hydroxyproline content on Day 28 (n 5 6 per group). Data are reported as the mean hydroxyproline content (mg/ml) 6 SEM. The three groups are compared using a one-way analysis of variance with a Bonferroni's post hoc multiple comparison test.
however, the expression of SPC was significantly reduced by DT administration in the transgenic mice as compared with DTtreated WT mice ( Figure 7B ).
To further assess the effect of DT on transgenic AECs, we isolated type II cells from uninjured SPC-DTR and WT mice. These cells were then maintained in culture for 2 days (a time point when they were still expressing SPC), and subsets were exposed to DT at a dose of 1.0 mg/ml. After 24 hours of exposure, we measured mitochondrial activity of the cultures via an MTT assay. DT treatment of the DTR-expressing cells produced a significant 22% reduction in MTT activity as compared with a 7% reduction in the control group (Figure 8 ).
The Effect of Diphtheria Toxin on Type II Cell Numbers
DT-mediated tissue-specific injury has been associated with cell depletion and cell dysfunction (21) . To determine whether exposure of the SPC-DTR transgenic mice to the toxin resulted in type II cell loss, we isolated type II cells from uninjured transgenic and WT mice. Cells were maintained in culture for 2 days, and subsets were exposed to DT at a dose of 1.0 mg/ml. After 24 hours of exposure, we counted the number of live and dead cells after trypan blue staining. Despite the decrease in MTT activity at this point, we found no statistical difference in the percent of dead cells in the DT-treated transgenic culture as compared with control transgenic cells (DT: 17 6 6% vs. PBS: 12 6 1%). There was no evidence of DT-induced cell death in the WT cultures (DT: 6 6 4% vs. PBS: 13 6 6%).
To assess the effect of DT treatment on type II cell numbers in vivo, we performed SPC and BrdU immunohistochemistry on lung sections of transgenic mice after 1, 3, and 7 days of DT treatment. Control groups included WT mice treated with DT and WT mice treated with PBS for the same duration. We then counted in a blinded fashion the number of SPC-positive and SPC-BrdUdouble positive cells per 403 high powered field (HPF). At each of the time points, we found no difference in the total number of SPC-positive cells per HPF in any group. On the other hand, the SPC-DTR mice had more SPC-BrdU double positive cells per HPF on Day 7 than the two control groups (Figure 9 ). Transgenic surfactant protein C diphtheria toxin receptor (SPC-DTR) and wild-type (WT) mice were treated with daily intraperitoneal doses of (A and B) diphtheria toxin (DT) at 10 mg/kg or (C ) 12.5 mg/kg in 100 ml of phosphate buffered saline for 14 days. A control group of transgenic mice (SPC-DTR) received daily intraperitoneal injections of 100 ml phosphate buffered saline for 14 days. On Day 28, the left lung was fixed at 25 cm H 2 O and cut into 8-mm sections. Sections were stained using the Masson's Trichrome method (A and C ) or with Picrosirius Red (B). Representative regions of the lung at 103 and 203 magnification are shown.
DISCUSSION
Administration of DT to mice expressing a lung specific DTR transgene caused scarring of the lung as assessed by lung collagen content and histological appearance. This induction of fibrosis was associated with a decrease in animal survival in a DT dosedependent fashion and a decrease in the expression of type II cell gene products (i.e., SPC and DTR). However, the fibrosis and the changes in alveolar epithelial functions occurred in the absence of a detected decrease in type II cell number. Taken together, our results demonstrate that injury of the type II epithelium can directly induce pulmonary fibrosis.
The DT-mediated cell ablation strategy has been successfully used to model a variety of disorders, including glomerulosclerosis with the depletion of podocytes, osteoporosis with the depletion of osteocytes, acute hepatitis with the depletion of hepatocytes, and cardiomyopathy with the depletion of cardiomyocytes (16, (22) (23) (24) . This model has also been used to deplete inflammatory cell populations including dendritic cells and monocyte/macrophages. In our investigation, 2 weeks of daily DT exposure reproducibly induced pulmonary fibrosis. The 10-mg/kg dose of DT is in the range of what others have used in studies to ablate podocytes (20) and to specifically target neurons (23), hepatocytes (15) , osteocytes (23) , and monocytes/macrophages (21) . A significantly higher dose (5,000 mg/kg) was used to ablate cardiomyocytes (24) . Our dosing approach differs from many of these prior studies (e.g., hepatocytes, cardiomyocytes, podocytes, and osteocytes), in that more than one administration of DT was used to achieve the fibrotic phenotype. A similar prolonged administration was used to assess the role of monocytes/macrophages in atherosclerotic plaque formation (21) . There are several possible explanations for why repeated doses of DT were required for a phenotype in our model. One potential explanation is that alveolar progenitor cells can rapidly divide in response to cell injury, thus minimizing the consequences from a single dose of DT. Our data showing increased type II cell proliferation at Day 7 of DT exposure are consistent with this possibility. The most likely progenitors are residual uninjured type II cells that are not exposed to or are resistant to DT, although it is possible that the injured cells can also proliferate. A similar capacity for cell replacement has been seen in DTR-expressing monocyte/macrophages and splenic dendritic cells that recover to pretreatment numbers within 6 days after DT-induced depletion (25) . Because of this ability to regenerate depleted cells, a more prolonged dosing may be required to achieve persistent alteration of function. In contrast, the kidney has a limited capacity to regenerate podocytes, and therefore one dose of DT in rats that express podocyte-specific DTR causes glomerulosclerosis (22) . Another potential mechanism for why multiple DT doses were required to generate pulmonary fibrosis is that the level of DTR expression may be relatively low in our transgenic mice. In the model of acute hepatitis, the amount of DTR expressed in the different founder lines was inversely correlated with the dose of toxin required to cause hepatic injury and death (16) . We must also consider the possibility that type II cells become resistant to DT after multiple administrations. This scenario was also postulated to explain why prolonged DT dosing produced only a 50% decrease in peripheral monocytes that were engineered to express DTR (21) . Cleavage of the receptor from the surface of expressing cells by proteases may provide a mechanism of resistance (26) . Finally, a shorter course of DT treatment may be sufficient to cause significant type II cell depletion and resultant fibrosis in our model. Thus far, we have compared only single doses of DT with the 14-day administration protocol. Our observations that DTR Figure 7 . Diphtheria toxin receptor (DTR) and surfactant protein C (SPC) expression after diphtheria toxin treatment. Transgenic (SPC-DTR 1 ) and WT (SPC-DTR 2 ) mice were treated with daily intraperitoneal doses of diphtheria toxin (DT 1 ) at 10 mg/kg in 100 ml of PBS for 3, 7, and 14 days. Control groups of transgenic mice (SPC-DTR 1 ) received daily intraperitoneal injections of 100 ml phosphate buffered saline (DT 2 ) for 3, 7, and 14 days. After the last DT injection, total RNA was isolated from the lungs of each mouse and analyzed by real-time polymerase chain reaction with primers specific (A) for the DTR or (B) for SPC. The expressions of DTR and SPC for each sample were normalized to the corresponding expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The results are reported as the relative expression of DTR and SPC compared with the control group of mice (mean 6 SEM; n 5 5-9 mice per group). The groups are compared using a one-way analysis of variance with a Bonferroni's post hoc multiple comparison test. expression is significantly decreased after 3 days of toxin exposure and SPC expression is decreased after 7 days of treatment suggest that a shorter course of treatment may be adequate to induce scarring.
DT mediates cell toxicity by catalyzing the ADP-ribosylation of elongation factor 2, thereby interfering with protein synthesis (16) . This disruption of protein synthesis is classically reported to induce apoptotic cell death. However, the DT model has also been shown to induce autophagy in cardiomyocytes (24) . Furthermore, when this approach was used to target osteocytes, electron microscopic examination revealed that the DT-induced injury could lead to necrosis as well as apoptosis (23) . Cell-specific targeting with DT can also induce cellular dysfunction without causing death, as was demonstrated for monocyte/macrophage injury in an atherosclerosis model (21) . Targeting the monocyte/ macrophage population with DT in this report not only reduced the number of cells but also impaired LDL uptake by 54% in the remaining viable cells. In our studies, we demonstrate an alteration of type II cell function after DT treatment of the transgenic mice. DT may also induce type II cell death based on several observations. First, we found that type II cell proliferation increases in the SPC-DTR animals after DT exposure while the total number of type II cells remains constant. The stable number of total cells in the setting of proliferation suggests that the dividing cells are replacing a transiently depleted subset of the type II epithelium. Second, our in vitro results demonstrated a trend toward increased cell death in isolated transgenic type II cells after 24 hours of DT treatment. Perhaps a longer in vitro exposure to the toxin would enhance this effect.
One other prior report has examined the effect of DTmediated lung cell ablation (27) . In this model, the DT receptor was expressed by the lysozyme M promoter with the intent of depleting macrophages. The authors found DT administration at doses of 10 and 40 mg/kg to cause acute lung injury and death in the transgenic mice within 4 to 6 days. Evaluation of histological sections revealed a loss of type II cells and macrophages. The authors then performed a WT bone marrow transplant into the transgenic group to replace the DT-sensitive alveolar macrophages with DT-resistant cells. Treatment of these mice with DT caused acute lung injury with loss of type II cells even though the alveolar macrophages were now resistant to the toxin. This led the authors to conclude that the DT-induced acute lung injury was the result of an insult to the type II epithelium. Several explanations may account for why the ablation of type II pneumocytes in this model caused a different phenotype as compared with our model. First, expressing DTR off of the lysozyme M promoter may not be specific for type II cells as is the SPC promoter (28) . As a result, other cells comprising the alveolar wall in addition to macrophages and type II cells may be damaged. Second, the more severe phenotype observed in the lysozyme M model may be the result of this promoter inducing higher levels of DTR expression in the type II cells or an increased number of DTR-expressing type II cells. One might predict that the more efficient targeting of a substantial proportion of the type II cells or a more diffuse injury to the alveolar wall would cause acute lung injury and death. Regardless of the mechanism of acute lung injury in their model, no data regarding the development of fibrosis in response to the insult were presented.
The mechanism by which impaired type II function leads to fibrosis requires further study. One possibility is that injury impairs the homeostatic ability of the lung to replace type I cells lost during normal attrition. Damage of the type II epithelium may also lead to the loss of important signals that suppress lung fibroblasts proliferation and collagen production. For example, alveolar epithelial cells are an important source of prostaglandin E 2 , which has been shown to inhibit multiple aspects of the fibroproliferative response, including fibroblast chemotaxis, fibroblast proliferation, and collagen synthesis (29) (30) (31) (32) (33) . A loss of Figure 9 . Immunohistochemical staining for SPC and BrdU. Transgenic surfactant protein C diphtheria toxin receptor (SPC-DTR) and wild type (WT) mice were treated with daily intraperitoneal doses of diphtheria toxin (DT) at 10 mg/kg in 100 ml of phosphate buffered saline for 1, 3, and 7 days. A group of WT mice received no treatment and served as the Day 0 control group. One hour before death, each animal received an intraperitoneal injection of bromodeoxyuridine (BrdU). After the last DT injection, the lungs from each animal were fixed by distending at 25 cm H 2 O with 10% neutralbuffered formalin, removed en bloc, further fixed in 10% neutral-buffered formalin overnight, and embedded in paraffin. Eight-micron sections were immunostained for SPC and BrdU. The number of SPC-positive (brown stained) and SPC-BrdU double-positive (brownred stained) cells per 403 high-powered field were counted. Upper panel: Representative images of DT-treated WT and SPC-DTR mice. Arrows point to BrdU-positive cells, and arrowheads point to double-stained cells. Lower panel: Graphic representation of (A) the number of SPC-positive cells and (B) SPC-BrdU doublestained cells per high-powered field. Results are reported as the mean 6 SEM (n 5 3-4 per group). The WT and SPC-DTR groups are compared using a two-way ANOVA. The effect on genotype on SPC-BrdU is statistically significant (P , 0.05). There is no effect of genotype or day on the number of SPC-positive cells (P 5 not significant).
type II alveolar epithelial cells could diminish intraalveolar levels of this antifibrotic mediator. Finally, the residual injured type II epithelium may be a source of profibrotic factors such as TGF-b that directly activate local fibroblasts.
Establishing a causal link between type II cell loss and lung scarring provides new insights into the pathogenesis of familial and sporadic cases of IPF. First, our findings support the conlusions of Thomas and colleagues that the SPC mutation they identified in familial IPF, which reduces type II cell function and viability, predisposes to fibrosis (14) . Our findings also provide support for a casual relationship between the type II cell apoptosis seen in IPF biopsies and the development of alveolar scarring (32) . The link between telomerase mutations and pulmonary fibrosis identified in multiple kindreds implies that some key cell in the lungs of patients with IPF has decreased proliferative capacity (34, 35) . From our data, we speculate that the type II alveolar epithelial cell may be this critical cell. Aberrant type II cell reparative capacity could also explain why IPF is diagnosed in older adults (36) (37) (38) in whom senescence of these alveolar progenitor cells may prevent adequate replacement when epithelium is damaged during normal daily life.
In summary, we have generated a new mouse model of pulmonary fibrosis caused by the targeted depletion of type II alveolar epithelial cells. Our findings provide direct evidence specifically linking the targeting of type II cells for injury to the development of lung fibrosis. Based on our findings and mounting clinical evidence, we speculate that alveolar epithelial cell damage may play a central role in the pathogenesis of IPF. Our model should be useful for elucidating the downstream mechanisms by which targeting of type II cells leads to fibroblast proliferation, collagen deposition, and alveolar disruption.
